Luminescence properties of vertically aligned, crystalline ZnO nanorods are studied by cathodoluminescence (CL) spectroscopy and microscopy. Results show that luminescence characteristics vary dramatically with location on the nanorod as well as CL excitation depth.
Text
ZnO has attractive properties for possible applications in ultraviolet (UV) light emitting devices [1] , photocatalysis [2] and solar cells [3] . Understanding the role of defects and their spatial distribution in ZnO is extremely important in many of these applications, particularly those utilising nanostructured ZnO. Surface defects have been found to affect the performance for such applications. For example, surface impurities such as hydroxyl are known to quench the UV emission in ZnO [4] , while other surface defects can hinder charge transfer between ZnO and adsorbed molecules at the interface [5] .
In this Letter, we report cathodoluminescence (CL) inhomogeneities in ZnO nanorods with diameters > 100 nm. No quantum confinement effect is expected for the nanorods (the Bohr exciton radius of ZnO is 2.34 nm [6] ), however the impact of the surface is immense due to the large surface-to-volume ratio. The luminescence of ZnO nanostructures at room temperature is commonly characterised by two bands: an UV near-band-edge (NBE) emission centred at 380 nm and a defect-related green emission at ~520 nm. Although photoluminescence (PL) measurements on individual sub-micron structures are possible [7] , the spatial resolution and the accuracy of the technique are limited by the diffraction limit and poor signal-to-noise ratio. In most studies, PL spectroscopy is taken from ensembles of ZnO nanostructures and has thus far produced very large discrepancies in the luminescence results [8] [9] [10] . In this work, the local luminescence properties of ZnO nanorods were characterised by high spatial resolution CL and angle-resolved X-ray photoelectron spectroscopy (XPS). The results demonstrate that a luminescence spectrum typically obtained with conventional PL may not represent the optical properties of all parts of the nanorods.
Highly oriented ZnO nanorods were grown onto an a-plane sapphire via the chemical vapour transport method with the use of Au as catalyst, as described in detail elsewhere [11] .
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The morphology and structure of the grown sample were characterised using a FEI Quanta 200 scanning electron microscope (SEM), which is equipped with a Gatan MonoCL3 CL spectroscopy/imaging system. The CL signal was detected using a Hamamatsu R943-02
Peltier cooled photomultiplier tube. Low-voltage CL was employed to improve the spatial resolution and surface sensitivity. The typical beam energy used in this work was 1 -5 keV, corresponding to a primary electron penetration range R e = 15 -200 nm. All CL spectra were corrected for the overall detection response of the CL spectroscopy system. The crystallography of the ZnO nanorods was characterised by X-ray diffraction (XRD) on a Siemens D5000 X-ray diffractometer. Additionally, the electronic structure of the nanorods was investigated by XPS, which was conducted on the wide-range SGM (BL-24A1) beamline at the National Synchrotron Radiation Research Centre (Taiwan). XPS survey spectra of the sample revealed only zinc and oxygen signals and no other impurities were detected. CL spectra obtained from individual nanorods display a NBE emission at 3.3 eV (380 nm) and a broad green band centred at 2.3 eV (520 nm). CL exhibits similar luminescence properties among vertically aligned nanorods; however, the intensity ratio of NBE/green varies strongly with probe location on the nanorod (Fig. 2) . At the same acceleration voltage (5 kV), the green intensity of the nanorod tip is considerably weaker than that of the sidewalls. Weak green emission from the tip is indicative of better crystalline structure. Decreasing the acceleration voltage to 1 kV reduces the intensities of both NBE and green emissions as expected. However, the green peak is now completely dominant over the NBE emission. The relatively strong green band at ultralow voltage operation (the effective CL excitation depth < 10 nm) supports previous findings that the green luminescence originates from the ZnO surface [13, 14] .
The luminescence behaviour is illustrated more clearly in In CL measurements, the greatest number of electron-hole pairs is generated at a depth of ~R e /3 [15] . However, one has to take into account the diffusion length, i.e. the distance within which carriers can diffuse to the surface where they recombine. This diffusion length in ZnO was estimated to be ~60 nm [16] , thus a large proportion of injected carriers can reach the surface at low acceleration voltages (< 5 kV). Based on this discussion and with a view that surface oxygen vacancies can potentially be the recombination centre for the green emission [14, 17] , XPS studies were carried out to investigate the chemical structure of the tip and sidewalls of the nanorods. Angle-resolved XPS spectra were acquired at different 
